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Light emitting diode (LED) based lighting 
technology is developing rapidly. LED 
lighting has huge potential to save energy 
and provides enormous opportunities to 
adjust the lighting according to actual needs. 
However, end-users' requirements, 
expectations and preferences for lighting 
applications based on LEDs are not well 
known. Therefore, visual evaluations are 
required to ﬁnd out the subjective 
preferences for different LED SPDs. In 
addition, metric(s) that better deﬁnes the 
subjective preferences and colour rendering 
properties of light sources are need. This 
thesis investigates the subjective 
preferences for lighting environments under 
different LED SPDs in several viewing 
conditions and correlates the preferences 
and corresponding SPDs with existing 
metrics of colour quality. 
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Abstract 
The main objective of this work is to investigate the subjective preferences for lighting 
environments under different LED spectral power distributions (SPDs) and to analyse the different 
existing colour quality descriptors in order to recommend the best descriptor. An additional aim of 
the work is to find out the correlated colour temperature (CCT) and illuminance levels that users 
prefer for LED lighting. The experiments were conducted in lighting booths and in office rooms, 
where the subjective preferences for different LED light spectra were studied.  
In the lighting booth experiments, seven different LED SPDs were studied at CCTs of 2700 K, 
4000 K and 6500 K at 500 lux. The study showed that the observers preferred the LED SPDs which 
increased the object chroma and colourfulness values (calculated in CIECAM02-UCS). Also, the 
preferred LED SPDs had higher values of reference-based metrics (such as colour quality scale 
(CQS) colour preference scale) and higher values of area-based metrics (such as CQS colour gamut 
scale or gamut area index (GAI)). The observers preferred the light sources at CCT of 4000 K and 
6500 K over the CCT of 2700 K. 
The work was continued by simulation work and user acceptance studies to find out the 
simplified LED SPDs that the observers would prefer. The simulation results suggested that it is 
possible to generate simplified LED SPDs that have CQS Qp and CQS Qg values similar to those of 
the preferred complex SPDs that were generated by 9 to 11 different types of LEDs. The user 
acceptance studies conducted in the lighting booths also showed that the simplified LED SPDs 
using three different types of LEDs were preferred over complex LED SPD. Later, similar simplified 
LED SPDs were also studied in office rooms, and it was found that the observers preferred 
simplified LED SPDs over fluorescent lamp. 
The three different LED SPDs at each CCT of 4000 K and 6500 K were studied in the office room 
experiments. The observers preferred most the LED SPDs with high CQS Qp and CQS Qg or GAI 
values and least the LED SPDs that had the lowest CQS Qp and CQS Qg values. Also, the light 
sources (having high CQS Qp and CQS Qg) with negative Duv values were more preferred over light 
sources with positive Duv values maintaining the Duv values within the limit of ±0.0054. Moreover, 
for the office lighting, the observers preferred CCT of 4000 K over CCT of 6500 K at 500 lux. It was 
also found that the observers preferred the illuminance level of 500 lux over 300 lux. 
The results of the experiments conducted in the lighting booths to test the performance of 
different fidelity metrics showed that the CIE CRI, CRI2012 and CQS provide similar predictions for 
LED light sources that do not enhance the object chroma. It was found that the best prediction of 
colour fidelity was provided by CQS for LED light sources that enhance object chroma. 
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colour quality, colour ﬁdelity, ofﬁce lighting 
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1. Introduction
Background1.1
Light is electromagnetic radiation visible to human eyes and covers wave-
lengths in the approximate range between 380 to 780 nm. These wavelengths 
are associated with the human perception of different colours. Hence, colours
have close link to the spectral characteristics of light. Commission Interna-
tional de l’Eclairage (CIE) has defined light as radiation that is considered 
from the point of view of its ability to excite the human visual system [1].
Colour is the characteristic of visual perception and can be perceived when 
there exist light, an object and an observer.  When an object is illuminated by 
light, it absorbs certain wavelengths and reflects others based on the reflec-
tance characteristics of the object surface. For example, if a green surface is 
illuminated by daylight, it absorbs most wavelengths but reflects mainly green,
hence we see the object as green. Whereas, if a green object is illuminated by a
low-pressure sodium lamp, the object looks black or grey. This is because the 
low-pressure sodium lamp produces radiation in the wavelengths related to 
yellow light. Therefore, the colour of the object depends on the spectral power 
distribution (SPD) of light source and the spectral reflectance characteristics of
the object surface. In the past, when artificial illumination was not much de-
veloped, the SPD curve and colour temperature were used to describe how 
light from the lamp will affect the colour of objects. However, after the devel-
opment of artificial light sources with different SPDs but having equal corre-
lated colour temperature (CCT), the problem of colour rendering became seri-
ous [2]. In 1948, the CIE recommended an eight-band method to calculate the 
colour rendering of light sources [3], [4]. Later, it was found that the spectral 
band method did not work well with “de Luxe” type fluorescent lamps. Howev-
er, the method based on colour shift gave good agreement with visual apprais-
al [3]. Therefore, in 1965, the CIE published the first edition of the method of 
measuring and specifying colour rendering properties of light sources, based
on a test colour sample method such as CIE 13-1965 [3]. The method rates 
light sources in terms of the CIE colour rendering index (CRI). In 1974, the 
CIE published an updated version of this method. In this update, the major 
change was the introduction of the resultant colour shift. The resultant colour 
shift is the combination of an illuminant perceived colour shift and an adaptive 
perceived colour shift. The third edition CIE 13, in which some misprints 
found in the second edition were corrected, was published in 1995 [3]. Howev-
er, no major changes in the method were introduced.
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After the invention of tri-band fluorescent lamps, which were designed to 
have high luminous efficacy and high CIE CRI, the rating provided by the CIE 
CRI was questioned. The CIE CRI values of tri-band fluorescent lamps were 
high, but the visual colour rendering was poor. The CIE CRI has a number of 
shortcomings and problems (see subsection 2.1 for details). Again, after the 
emergence of the white light from light emitting diodes (LEDs), the problems 
of CIE CRI became serious enough. The ranking provided by the CIE CRI for 
white LEDs often contradicts the visual rankings [5]. However, the CIE CRI is 
still in use and CIE technical committees’ are working to find out new solu-
tion(s).
LEDs have higher freedom in spectral design compared to the conventional 
light sources. LED lighting has huge potential to save energy and provides
enormous opportunities to adjust the lighting according to actual needs in the 
working place. However, end-users’ requirements, expectations and prefer-
ences for lighting applications based on LEDs are not well known. Therefore, 
visual evaluations are required to find out the subjective preferences for differ-
ent LED SPDs. In addition, metric(s) that better defines the subjective prefer-
ences and colour rendering properties of light sources are needed.
Objectives of the work 1.2
The main objective of this work is to investigate subjective preferences of 
lighting environments under different LED SPDs and to analyse the different 
existing colour quality descriptors of lighting to recommend the best de-
scriptor. The subjective preferences are investigated with the help of user ac-
ceptance studies in terms of naturalness, colourfulness and the overall prefer-
ence of lighting environment.
The other objective is to find out the CCT and illuminance level that users 
prefer for LED lighting. 
In addition, the objective is also to investigate the prediction of colour fideli-
ty (colour rendering) provided by different colour fidelity metrics.  
14 
 
2. State of the art
Colour rendering of light sources2.1
Colour rendering property of light source is one of the important aspects of 
the colour quality of the light source. The international commission of illumi-
nation (CIE) has defined colour rendering as “Effect of an illuminant on the 
colour appearance of objects by conscious or subconscious comparison with 
their colour appearance under a reference illuminant” [3]. The only interna-
tionally recognized metric to measure and specify the colour rendering proper-
ties of light source is CIE CRI [3].  The CIE CRI has been used for over 40 
years and is widely accepted. 
The CIE CRI is calculated using the CIE Test Sample method approved by 
CIE in 1974 [3]. In this method, the tristimulus values of 14 Munsell test col-
our samples are calculated using the spectral power distributions of the test 
light source and the reference light source. The reference light source should 
have the same CCT as the test light source: either a Planckian radiator (CCT< 
4999 K) or a daylight distribution (CCT>5000 K). The von Kries transfor-
mation is used for chromatic adaptation transform. The colour difference for 
each sample between the two light sources is calculated in CIE 1964 U*V*W*
colour space. The special colour rendering index (Ri) is calculated for each 
sample by equation (1)
ܴ௜ = 100 െ 4.6?ܧ௜ (1) 
where ?ܧ௜ is the colour difference between the reference and test source of ith
colour sample. 
The general colour rendering index (Ra) or CIE CRI is then the average of 
the first eight special colour rendering indices (Ri).
Despite its prominence, the CIE CRI has several shortcomings and problems
[4], [6], [7]. In the CIE Test Sample Method, the reference source should be 
selected either from a blackbody radiator or from a phase of daylight, the only 
criterion being the correlated colour temperature (CCT). There is nothing ap-
parent that says that Planckian radiators and a phase of daylight are perfect in 
a colour-rendering sense. The CIE Test Sample Method is based on CIE 
U*V*W* colour space, which is far from being equidistant and is now outdated
[2]. The von Kries chromaticity transformation used by the CIE CRI is also 
considered obsolete and inadequate. A transformation such as the CIE Chro-
matic Adaptation Transform (CIE CAT02) [8], performs much better than the 
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von Kries chromaticity transformation. The CIE CRI is the single averaged 
number of eight special colour rendering indices, and the light sources with 
the same CIE CRI may render colour differently if they have different special 
colour rendering indices.
However, the problems of the CIE CRI have become serious enough to re-
quire revision of the metric after the emergence of white light from LEDs [5].
Unlike  conventional light sources (incandescent and fluorescent lamps), LEDs 
have greater freedom in spectral design, as white light from LEDs is realized 
by a mixture of multi-colour LEDs or by a combination of phosphors excited 
by blue or UV LED emission. By tuning the spectrum of LEDs, high luminous 
efficacy or high CIE CRI value can be achieved[9]. Only a small shift in the 
wavelength of one of the LEDs can change the luminous efficacy and colour 
rendering properties of white LED light sources. However, luminous efficacy 
and CIE CRI have a trade-off relationship [9], [10]. Many questions have aris-
en about whether or not the CIE CRI should be considered as a design aspect
of white LEDs because of many flaws in the CIE Test Sample Method.
Several visual experiments conducted using white LEDs [11]–[16] have 
shown that the CIE CRI is not a suitable descriptor of the visual colour render-
ing of white LED light sources. The limitations of the CIE Test Sample Method 
to calculate the CIE CRI of white LED light sources have been acknowledged
by the CIE. The CIE technical committee (TC 1-62) concluded that the current 
CIE CRI cannot generally be applied to predict the colour rendering rank order 
of a set of light sources when white LED light sources are involved in the set
[5]. CIE TC 1-62 recommended the development of a new colour rendering 
index [5]. In 2006, the technical committee CIE TC 1-69 Colour Rendition by 
White light sources was formed “ to investigate new methods for assessing the 
colour rendition properties by white-light  sources used for illumination, in-
cluding solid-state light sources, with the goal of recommending new assess-
ment procedures.” Nine different metrics were proposed to the CIE TC 1-69
(see Publication [II]). It is believed that these metrics cover different aspects of 
colour quality. However, the TC 1-69 could not make a recommendation of 
new metrics to replace the CIE CRI.
In September 2012, two new TCs were established: TC 1-90 and TC 1-91.
The TC 1-90 was titled ‘Colour Fidelity Index’, with terms of reference “to 
evaluate available indices based on colour fidelity for assessing the colour 
quality of white light sources with a goal of recommending a single colour fi-
delity index for industrial use”. TC 1-91 was titled ‘New Method for Evaluating 
the Colour Quality of White Light  Sources’, with a goal of recommending new 
methods for industrial use (methods based on colour fidelity should not be 
included).
The main aim to form the two TC was to distinguish between colour fidelity 
and colour preference properties (along with naturalness of objects) of light 
sources. Colour fidelity describes the ability of a light source to render the 
same colours as a reference illuminant, whereas colour preference describes 
the aesthetic judgement about the vividness, choice and naturalness of all ob-
jects by considering each object separately [17]. The most popular colour fi-
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delity metrics are the CIE CRI [3], the CRI2012 [18], the CRI-CAM02UCS [19],
and the colour quality scale (CQS) [20]. Besides these metrics, the metrics like 
categorical colour rendering (CCRI), CQS, Feeling of contracts index (FCI), 
Memory colour rendering index (MCRI),  Preference index of skin (PS), and 
Harmony rendering index (HRI) were considered as non-fidelity metrics and 
were proposed to the CIE TC 1-91.
People’s judgement of colour quality in terms of both colour fidelity and col-
our preference can only be determined with the help of user acceptance stud-
ies. Various user-acceptance studies using experimental booths have been 
conducted to investigate the colour quality (preference, attractiveness, natu-
ralness, or fidelity) of LED light sources [16], [21]–[24] by considering several 
metrics. 
The studies by Narendran et al [16], Rea et al [21], and Jost-Boissard et al
[22] found that the CIE CRI has no correlation to peoples’ colour preferences.
However, Rea et al [21] suggested that the high value of CIE CRI and the gam-
???????????????????????????????????????????????????????????????????????????
impressions of naturalness and vividness.  Jost-Boissard et al [22] performed 
user acceptance studies in experimental booths and analysed the five different 
metrics, namely the CIE CRI, Ra1-14, Colour quality scale (CQS), Full-
spectrum colour index (FSCI) and GAI. They found that GAI and CQS describe 
attractiveness and naturalness, respectively, better than do the other metrics.
The experiments were conducted using different LED clusters and standard 
light sources at illuminance level of around 225 lux. Nascimento and Masuda 
[25] conducted psychophysical experiments in which observers selected illu-
minants from a set of metamers of D65 to render outdoor and indoor scenes. 
The scenes were digitalized by hyperspectral imaging. The study showed that 
CIE CRI is not a good descriptor for naturalness and individual preference. It 
was also found that the observer preferred the illuminant that produced col-
ours a little more saturated.
Smet et al [23] demonstrated that the colour quality of a light source in 
terms of preference, attractiveness and fidelity is very well correlated with 
memory colour rendering index (MCRI) and moderately well with vividness 
and naturalness, compared to the CIE CRI and CQS. Smet et al [24] compared 
the performance of 13 colour quality metrics by using the scaling of the per-
ceived colour quality obtained in several different psychophysical studies. 
Smet et al [26] optimised a LED module based on the MCRI and conducted a 
psychophysical rating experiment at CCT of 2700 K under incandescent lamp 
and with 18 observers. Guo and Houser [6] investigated the cross-comparison 
of several metrics based on simulation. However, they did not conduct a user
acceptance study. Ryckaert et al [27] tested different types of linear LED tubes 
and fluorescent lamps in a small office room to find out the one-to-one re-
placement for a classical fluorescent lamp. They found that the scores for at-
tractiveness and naturalness were in line with the CIE CRI, CQS and MCRI 
values for two types of LED tubes, whereas, one type of LED tube (i.e. Brand I) 
showed the opposite scores.  On the other hand, a visual experiment per-
formed by Pousset et al [28] found that the ranking provided by CQS for the 
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five LED light sources was inconsistent with the visual subjective rankings.
The five light sources used had CCTs of 2850K, 3030K, 3500K, 5930K and 
6100K. These light sources were compared with each other in a booth at illu-
minance level of 150 lux.
All of the studies presented above, except the study by Guo and Houser[6]
and Ryckaert et al [27], were conducted in experimental booths and showed 
inconsistent results. In booth experiments, observers mainly focus on limited 
scenes, in which it is difficult to have visual perceptions similar to those found 
in real working environments. The observers’ preferences for particular light 
sources might change when shifted from a booth to a real environment.  For an
emerging technology like LED, it is very important to know the subjective 
preferences in real environments. However, end-users’ needs, expectations 
and preferences for office lighting applications based on LEDs are not well-
known. Only few studies[27], [29], [30] using LEDs in office environments to 
study the colour quality of light sources were found. Ryckaert et al [27] studied 
linear LED lamps versus fluorescent lamps; however, they failed to make clear 
conclusions, as the illuminances of the LED lighting were almost 50 per cent 
lower than those of the fluorescent lamp lighting. Lin et al [29] and Spaulding 
et al[30] studied LEDs at different CCTs chosen by considering only the CIE 
CRI as a colour rendering metric.
The CIE CRI is actually a colour fidelity metric, and it can only define the 
colour fidelity aspect of colour quality. Visual experiments [15], [31], [32] re-
lated to colour fidelity have been conducted to test the CIE Test Method (a
method to calculate CIE CRI) and different colour difference formulae. Sándor 
and Schanda [15]  adopted a simultaneous colour matching technique to as-
sess, with the help of ten observers, the colour difference of different colours of 
the Macbeth Colour checker (MCC) chart. Li et al [31] conducted an experi-
ment with eight observers, using a successive colour matching technique. 
These studies showed that visual colour rendering is not well described by the 
CIE Test Method and that visual colour difference correlates very well with the 
CIECAM02 [33] based colour difference formula. Even though Sándor and 
Schanda [15] and Li et al [31] adopted two different techniques for colour 
matching, they reached the same conclusion. A study conducted by Luo et al
[32] showed that CQS, nCRI, CRI-CAM02UCS and CIE CRI give similar per-
formance results regarding colour fidelity. The study adopted a successive col-
our matching (magnitude estimation) technique to assess 22 colours under 19 
light sources, and ten observers participated in the study.
Preference of CCT and illuminance level2.2
Correlated colour temperature (CCT) and light level or illuminance level are 
the other important characteristic of lighting. The preferences for CCT and 
illuminance level can vary for different lighting applications. Many visual ex-
periments have been conducted to find out the preference of CCT using FLs
[34]–[42]. Schroder [34] studied the effect of CCT on visual  comfort and 
found that observers preferred warm CCT, i.e. 3000 K, over cool CCT at 1000 
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lux and 500 lux. Wei et al [35] found that a lit environment in an office space 
at 3500 K (at 500 lux) was more comfortable and satisfying than at 5000 K.
The study done by Hu et al [36] found that observers preferred to work under 
CCT of 3500 K rather than under  CCT of 6500 K. Shamsul et al [37] found 
that a light source with a CCT of 4000K was the most preferred and most com-
fortable over CCTs of 3000 K and 6500 K. Kang et al [38] found that observers 
preferred a lighting environment at a CCT of 4000K for visual comfort over 
those at CCTs of 3000K and 6500 K. Park et al [39] conducted an experiment 
in office space at 3000 K, 4000 K, 5000 K and 6000 K and found that 5000 K 
was suitable  CCT for an office space, 4000 K was the most preferred CCT and 
3000 K was the most comfortable CCT. Manav [40] studied the appraisal of 
the visual environment in offices with CCTs of 2700 K and 4000 K. The study
showed that 4000 K was preferred over 2700 K for impressions of comfort 
and spaciousness, while 2700 K was preferred for relaxation. It was also found 
that objects looked more saturated under 2700 K. Cockram et al [41] found, in 
a field survey, that people preferred a daylight lamp (4300 K) for office work 
over a FL at 6500 K. Masuda and Nascimento [42] empirically carried out 
spectral optimization for naturalness and preference in a set of psychophysical 
experiments. They found that for daylight-like illuminants and their meta-
mers, the most natural colours were produced under illuminants with an aver-
age CCT of 6040 K and the most preferred colours with an average CCT of 
4410 K.
The Kruithof’s curve [43] suggests a relationship between illuminance level 
and preferred CCT; people prefer low CCTs at low illuminance levels and high 
CCTs at high illuminance levels. However, Boyce and Cuttle [44] found that 
CCT had no significant effects on subjective impressions and that the illumi-
nance level determines the impression created by the lighting of the room. 
They investigated CCT, illuminance and subjective impressions of FL lighting 
in a room. As the illuminance level increased, the lighting of the room became 
more pleasant, more natural, more comfortable, more colourful, more warm 
and more uniform [44]. A visual experiment performed by Schröder [34] using 
FL found that the illuminance level of 500 lux was significantly more comfort-
able than 1000 lux at 3000 K, but the results were not significantly different at 
6000 K. Viénot et al [45] conducted an experiment under LED lighting in a 
lighting booth to test the predictions of the Kruithof’s curve and found that the 
Kruithof’s rule was partly validated. They found no indication that high colour 
temperature is perceived more pleasant than low colour temperature at high
illuminance levels when light sources have high CIE CRI. Manav [40] found 
that 4000K was preferred to 2700K for impressions of comfort and spacious-
ness at illuminance levels of 500 lux, 750 lux and 1000 lux.
Overall, there is some support that people prefer 4000 K lighting environ-
ment over 6500 K environment when FLs are used. However, the preference 
of CCT can be different for a lighting environment illuminated by LEDs, as 
LED SPDs are different from those of fluorescent lamps. Only a few studies
[29], [30], [45], [46] have been done under LED lighting in office environ-
ments to find out the preference of CCT.
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Spaulding et al [30] studied four lighting scenes: LED lighting at 3500 K and 
?????????????????????????????????????????????????????????????????????????????
at 4100 K plus an additional incandescent desk lamp in an office looking 
booth. They found that the lighting scene with FL at 4100 K with an additional
incandescent desk lamp was rated to be the most comfortable and the lighting 
scene with FL at 4100 K was the most pleasing. Lin et al [29] found 4000 K 
and 7000 K as the most preferred CCT settings for LED office lighting when 
the light level was set at 600 lux. Huang et al [46] studied the effects of CCT 
(2700 K, 4300 K, and 6500 K) at 500 lux on focused and sustained attention 
under white LED desk lighting. The result showed that focused and sustained 
attention was significantly better at 4300 K. 
The studies specified above show inconsistent results and give little help to 
understand the subjective preference of CCT and illuminance level for LED 
lighting.
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3. Subjective preferences of light 
sources in experimental booths
Introduction3.1
People’s judgement of colour quality can only be determined with the help of 
user acceptance studies, the most popular methods for which are an individual
presentation, a side-by-side presentation and a rapid sequential presentation. 
In this work, user acceptance studies based on an individual presentation 
and a side-by-side presentation in lighting booths were conducted. The aim 
was to investigate the subjective preferences and colour rendering properties
of various LED SPDs compared to conventional FLs (Publication [I, II]). Rapid 
sequential presentation method was not used because in this method the eyes 
of the observer do not get fully adapted to separate illuminations [47].
For this study, 21 LED SPDs were optimised at three CCT values; 2700 K, 
4000 K and 6500 K by considering three of the metrics proposed to the CIE 
TC 1-69. These were the CQS gamut area scale, the CQS colour preference 
scale and the FCI, as well as the CIE CRI. The optimised LED SPDs were real-
ised with a LED simulator and were assessed in a lighting booth by 60 observ-
ers. 
Experimental set-up3.2
A lighting booth with three sections (each with the height of 1 m, width of 0.5
m and depth of 0.5 m) was constructed in a dark room. The inner surface of 
the booth was coated with matt grey paint (IN2-NCS-S2500N) maintaining 
the surface reflectance at 50 %.
Twenty-one different LED SPDs (seven spectra each at CCTs of 2700 K, 
4000 K and 6500 K) and three fluorescent lamp SPDs were used in the exper-
iment (Figure 1).
Altogether 60 observers with normal visual acuity and colour vision partici-
pated in the experiment: 20 male and 20 female aged 20-40 years (average age 
25.5 for male and 24.6 for females), and 10 male and 10 female aged 50-65 
years (average age 56.1 for male and 54.9 for females). The observers were of 
two ethnic groups: European and Asian. There were 42 European and 18 Asian 
observers. The Lea Numbers Near Vision chart was used for measuring visual 
acuity, the value > 6/6 being the limit for normal vision. Colour vision was 
tested using the Ishihara pseudoisochromatic plates.
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Figure 1. FL and LED SPDs at CCT of: (A) 2700 K, (B) 4000 K and (C) 6500 K 
Seven objects related to office environment were selected for the experi-
ments: a coloured picture, a sample of wood, a smartphone, a hand (observer’s 
skin), printed text, a Coke can and a Macbeth Colour checker (MCC) chart (for 
more details see Publications [ I, II]).
The questionnaire used in the experiment had two parts: (i) individual eval-
uation (Questions 1-4) and (ii) comparison evaluation (Questions 5-6). The 
individual evaluation referred to viewing a single booth at a time and rating 
the lit environment in that booth by putting a mark on a continuous line scale 
in the questionnaire. There were questions related to naturalness of the select-
ed seven objects (Question 1-2), visual appearance (Question 3) and colourful-
ness of the MCC chart (Question 4). Question 3 related to the visual appear-
ance dealt with brightness (dim/bright), visual comfort (uncomforta-
ble/comfortable), pleasantness (unpleasant/pleasant), and boredom (bor-
ing/interesting) of the lit scene in the booth. In the comparison evaluation, the 
observers compared the naturalness of objects and the overall preferences of 
the lit scenes under LEDs and FLs.
Results3.3
To study the effect of the relative positions of light sources (FLs/LEDs) in the 
observers’ judgment, reverse comparison and comparison evaluation was car-
ried out. In the reverse comparison, the observers compared the LED SPD in 
22 
 
the left-hand section of the booth with the FL in the middle section of the 
booth, and, in the comparison evaluation, the observers compared the same 
LED SPD (used in reverse comparison evaluation) in the right-hand section of 
the booth with the FL. The results show that the relative positions of the light 
sources did not affect the judgement of the observers. (Publication [I])
3.3.1 Individual evaluation
The 60 observers evaluated 24 lighting conditions for different questions re-
garding naturalness of objects (Q1 & Q2), the visual appearance of the lit scene 
in the booth (Q3), and the colourfulness of the MCC chart (Q4). For statistical 
analysis, the marked ratings for every question were measured and converted 
into a range of values between -3 and +3. An ANOVA with the significance 
level of p=0.05 was performed to investigate the statistical significance of the 
observers’ mean ratings for particular questions for different SPDs, irrespec-
tive of age group, ethnicity and gender (Appendix C, Publication [II]). Duncan 
procedure was used as a post-hoc analysis.
The results show that the observers preferred LED SPD2, LED SPD5 and FL
(at all three CCTs) for most of the questions related to the naturalness of ob-
jects, the visual conditions in the lit environment and the colourfulness of 
MCC chart (Table 1). The LED SPD4 and LED SPD6 were the least preferred
(for the same questions).
Preference of CCTs
The differences in the observers' mean ratings at three CCTs were statistical-
ly significant for the overall naturalness of all objects, naturalness of the Coke 
can, naturalness of printed text, bright/dim and interesting/boring for differ-
ent SPDs. CCT of 2700 K was the least preferred for the naturalness of objects. 
For the question uncomfortable/comfortable and unpleasant/pleasant about 
the lit environment, the observers' mean rating at 4000 K was statistically 
higher than at CCT 2700 K. The differences in the means of the observers' rat-
ings were statistically significant for the question dark/bright about the MCC. 
The observers preferred CCT 4000 K and CCT 6500 K to CCT 2700 K.
3.3.2 Comparison Evaluation 
The comparison evaluation data were converted into a frequency form by 
counting the number of observers who chose the FL or the LED SPDs for each 
object. There were 60 responses for each object in one lighting condition. The 
experimental data were ordinal and therefore required a non-parametric 
method for statistical significance testing. Hence, the chi-square test, the most 
widely used method for testing frequency data, was selected. The chi-square 
test measures the divergence of the observed data from expected values under 
the null hypothesis of no association. The summary of statistical analysis for 
comparison evaluation results at 2700 K, 4000 K, and 6500 K are shown in 
Table 2.
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Table 1. The mean observer ratings for different questions and different SPDs 
CCT SPD1 SPD2 SPD3 SPD4 SPD5 SPD6 SPD7 FL p-value
2700 
K
Mean ratings for question about naturalness of objects
Q 1 0.68 1.28 0.59 0.48 1.33 0.61 1.56* 1.37 <0.001
Q 2.1 0.81 1.19 0.66 0.51 1.09 0.58 1.24* 1.04 0.016
Q2.2** 1.01 1.26 0.94 0.98 1.43 1.06 1.44 1.44 0.065
Q 2.3 0.58 1.22 0.51 0.21 1.02 0.51 1.27* 1.15 <0.001
Q 2.4 0.71 1.18 0.65 0.38 1.21 0.83 1.45* 1.04 0.001
Q 2.5 0.91 1.40 1.01 0.86 1.50* 0.80 1.27 1.30 0.017
Q 2.6 0.73 1.29 0.77 0.53 1.24 0.54 1.54* 1.51 <0.001
Mean ratings for questions about visual appearance of the lit environment
Q 3.1 0.43 1.40* 0.65 -0.16 0.79 0.23 1.01 0.76 <0.001
Q 3.2 0.65 1.38* 0.62 0.27 1.20 0.41 1.15 1.19 <0.001
Q 3.3 0.70 1.29* 0.60 0.28 1.06 0.32 1.08 1.14 <0.001
Q 3.4 0.41 1.09* 0.43 0.09 0.68 0.19 0.70 0.70 <0.001
Mean ratings for questions about colourfulness of MCC
Q 4.1 0.29 1,30* 0,44 -0,27 0,94 0,27 0,80 0,85 <0,001
Q 4.2 0,97 1,74* 1,05 0,16 1,64 0,76 1,34 1,29 <0,001
4000 
K
Mean ratings for question about naturalness of objects
Q 1 1,43 1,39 1,11 0,85 1,26 1,18 0,96 1,77* 0,005
Q 2.1 1,16 1,11 0,33 0,52 0,86 0,91 0,29 1,57* <0,001
Q2.2** 1,37 1,25 1,17 1,36 1,55 1,39 1,15 1,66 0,252
Q2.3** 1,05 1,07 0,70 0,55 0,92 0,85 0.66 1.26 0.101
Q 2.4 1.27 1.23 1.14 0.68 1.30 1.01 1.07 1.59* 0.025
Q2.5** 1.39 1.48 1.20 1.10 1.24 1.19 0.92 1.39 0.271
Q2.6** 1.47 1.48 1.10 1.28 1.37 1.36 0.97 1.57 0.162
Mean ratings for questions about visual appearance of the lit environment
Q 3.1 1.14 1.65* 0.87 0.55 1.53 0.69 0.72 1.52 <0.001
Q 3.2 1.38 1.37 0.80 0.68 1.14 0.95 0.93 1.51* 0.001
Q 3.3 1.28 1.38 0.77 0.52 1.12 0.95 0.79 1.43* <0.001
Q 3.4 0.92 1.22* 0.48 0.20 0.97 0.46 0.42 1.16 <0.001
Mean ratings for questions about colourfulness of MCC
Q 4.1 0.89 1.70* 0.85 0.24 1.32 0.50 0.52 1.50 <0.001
Q 4.2 1.23 1.78* 1.19 0.52 1.78* 0.69 0.95 1.61 <0.001
6500 
K
Mean ratings for question about naturalness of objects
Q 1 1.18 1.18 1.24 0.87 1.39 0.43 1.13 1.68* <0.001
Q 2.1 1.06 1.10 0.77 0.67 1.25 -0.17 0.73 1.45* <0.001
Q2.2** 1.33 1.28 1.22 1.36 1.42 0.98 1.50 1.65 0.114
Q 2.3 0.82 1.16 0.96 0.75 1.11 0.21 0.74 1.26* 0.002
Q 2.4 1.33 1.22 1.20 0.92 1.33 0.26 1.08 1.57* <0.001
Q2.5** 1.24 1.31 1.22 1.03 1.50 0.97 1.08 1.33 0.33
Q 2.6 1.52 1.22 1.12 1.41 1.71* 1.05 1.31 1.66 0.02
Mean ratings for questions about visual appearance of the lit environment
Q 3.1 1.23 1.74* 1.20 0.65 1.63 0.65 0.91 1.48 <0.001
Q 3.2 0.94 0.93 1.02 0.74 1.32 0.54 0.78 1.40* 0.006
Q 3.3 1.02 0.89 1.06 0.62 1.28 0.25 0.67 1.41* <0.001
Q 3.4 0.73 0.97 0.98 0.45 1.08* 0.24 0.42 1.08* <0.001
Mean ratings for questions about colourfulness of MCC
Q 4.1 0.95 1.53* 1.07 0.61 1.52 0.40 0.76 1.40 <0.001
Q 4.2 1.16 1.71* 1.48 0.70 1.55 0.20 0.90 1.29 <0.001
SPD1 to SPD7 are LED spectra and SPD8 is fluorescent lamp SPD
** The mean ratings for these questions were not statistically significant (at 0.05 significance level) for 
different SPDs.
Bold= the mean values for the SPDs which were in the group with the highest mean value in Duncan test.
Bold*= the mean ratings which were highest among the mean ratings for a particular question.
italic= the mean ratings for the SPDs which were in the group with the lowest mean value in Duncan test.
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Table 2. The number of observers (out of 60) who considered each object more natural in 
appearance under the LED lamp (LED) when compared to the fluorescent lamp (FL) and had a 
preference for the LED lamp over the FL lamp when both are at (a) 2700 K (b) 4000 K and (c) 
6500 K. Comparisons where there is a statistically significant difference between the LED and 
the FL lamp are shown in bold together with the associated p value. 
(a)
(b)
(c) 
The comparison evaluation results show that a larger number of the observ-
ers preferred the FL (for naturalness as well as overall preference) to the LED 
SPD1, the LED SPD4, and the LED SPD6 at all three CCTs (Publication [I] 
Table 4-5) , and the most of the differences in the evaluations were statistically 
significant (Table 2). In contrast, the LED SPD2 and the LED SPD5 were more 
preferred by the observers than the FL at all CCTs (Table 2).
In the comparisons between the FL and the LED SPD3, the results show that
a larger number of the observers preferred the FL to the LED SPD3 at 2700 K 
and 4000 K. However, at 6500 K the LED SPD3 was preferred. Similarly, a
larger number of observers prefer the LED SPD7 at 2700 K rather than the FL:
however, the contrary is true at 4000 K and 6500 K. 
CCT 
2700 K 
FL vs LED  
SPD1 
FL vs LED  
SPD2 
FL vs LED  
SPD3 
FL vs LED  
SPD4 
FL vs LED  
SPD5 
FL vs LED  
SPD6 
FL vs LED 
SPD7 
  LED SPD1  
p-
value 
LED 
SPD2  
p-
value 
LED 
SPD3  
p-
value 
LED 
SPD4 
p-
value 
LED 
SPD5  
p-
value 
LED 
SPD6  
p-
value 
LED 
SPD7  
p-
value 
Hand 19 0.005 38 0.039 25 0.241 20 0.01 39 0.02 23 0.071 37 0.071 
Mobile 19 0.006 42 0.002 24 0.121 17 0.001 47 <0.001 19 0.009 43 0.001 
Picture 23 0.071 33 0.439 27 0.515 23 0.071 33 0.439 22 0.039 33 0.439 
Coke can 23 0.071 43 0.001 28 0.606 17 0.001 45 <0.001 28 0.606 43 0.001 
Printed text 18 0.002 42 0.002 25 0.197 26 0.302 45 <0.001 20 0.01 32 0.606 
Sample of 
Wood 5 <0.001 40 0.01 12 <0.001 10 <0.001 44 <0.001 14 
<0.00
1 35 0.197 
MCC chart 13 <0.001 44 <0.001 23 0.071 16 <0.001 40 0.01 24 0.121 37 0.071 
Preference 12 <0.001 43 0.001 21 0.02 12 <0.001 49 <0.001 18 0.002 41 0.005 
CCT 
4000 K 
FL vs LED  
SPD1 
FL vs LED  
SPD2 
FL vs LED  
SPD3 
FL vs LED  
SPD4 
FL vs LED  
SPD5 
FL vs LED  
SPD6 
FL vs LED  
SPD7 
  LED SPD1  
p-
value 
LED 
SPD2  
p-
value 
LED 
SPD3  
p-
value 
LED 
SPD4 
p-
value 
LED 
SPD5  
p-
value 
LED 
SPD6  
p-
value 
LED 
SPD7  
p-
value 
Hand 25 0.197 28 0.606 19 0.005 22 0.039 16 <0.001 18 0.002 24 0.121 
Mobile 25 0.197 37 0.071 22 0.039 24 0.121 36 0.121 29 0.796 29 0.796 
Picture 35 0.197 34 0.302 25 0.197 23 0.071 28 0.606 25 0.197 27 0.439 
Coke can 27 0.439 38 0.039 31 0.796 15 <0.001 38 0.039 16 <0.001 26 0.302 
Printed text 33 0.439 34 0.302 27 0.439 30 1.000 30 1.000 28 0.606 25 0.197 
Sample of 
Wood 28 0.606 33 0.439 21 0.020 24 0.121 32 0.606 26 0.302 25 0.197 
MCC chart 26 0.302 36 0.121 30 1.000 16 <0.001 38 0.039 17 0.001 23 0.071 
Preference 34 0.302 37 0.071 23 0.071 17 0.001 33 0.439 22 0.039 22 0.039 
CCT  
6500K 
FL vs LED  
SPD1 
FL vs LED  
SPD2 
FL vs LED  
SPD3 
FL vs LED  
SPD4 
FL vs LED  
SPD5 
FL vs LED   
SPD6 
FL vs LED  
SPD7 
  LED SPD1  
p-
value 
LED 
SPD2  
p- 
value 
LED 
SPD3  
p-
value 
LED 
SPD4 
p-
value 
LED 
SPD5  
p-
value 
LED 
SPD6  p-value 
LED 
SPD7  
p-
value 
Hand 24 0.121 23 0.071 19 0.005 27 0.439 26 0.302 9 <0.001 18 0.002 
Mobile 31 0.796 31 0.796 33 0.439 30 1.000 40 0.010 21 0.020 28 0.606 
Picture 38 0.039 41 0.005 39 0.020 33 0.439 36 0.121 18 0.002 26 0.302 
Coke can 33 0.439 42 0.002 37 0.071 25 0.197 40 0.010 10 <0.001 22 0.039 
Printed text 36 0.121 33 0.439 33 0.439 30 1.000 33 0.439 29 0.796 27 0.439 
Sample of 
Wood 32 0.606 28 0.606 20 0.010 28 0.606 30 1.000 20 0.010 32 0.606 
MCC chart 31 0.796 46 <0.001 36 0.121 26 0.302 38 0.039 12 <0.001 18 0.002 
Preference 32 0.606 40 0.010 33 0.439 27 0.439 41 0.005 12 <0.001 23 0.071 
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Summary3.4
The subjective preferences in terms of naturalness, pleasantness, comfort, 
brightness, colourfulness and overall preference of the lit environment were 
studied in lighting booths by using individual and comparison evaluations.
The results of the individual and comparison evaluation showed that, when 
the objects looked more natural and more colourful in the booth under partic-
ular SPDs, the observers found these lit environments visually brighter, more 
comfortable and more pleasing under those SPDs. The results also showed 
that the observers preferred LED SPDs (i.e. LED SPD2 and LED SPD5 at all 
CCTs) which have high CQS Qg and CQS Qp values. On the other hand, LED 
SPDs that have comparatively low values of CQS Qp and CQS Qg (i.e. LED 
SPD4 and LED SPD6) at all CCTs were least preferred.
The statistical analysis for CCT preference showed that observers preferred 
higher CCT (4000 K/6500 K) over lower CCT (2700 K). The lighting environ-
ment under the CCT 4000K was found to be more comfortable and more 
pleasing, whereas the environment under the CCT of 6500K was found to be 
brighter than under other CCTs.
It was also found that the gender of the observers did not affect the rating in 
either of the evaluations. In the individual evaluation, significant differences 
were found between the mean ratings of the two ethnic groups (Asian and Eu-
ropean), and no difference was found between two age groups (20-40 and 50-
65 years old). The mean ratings of European observers were significantly high-
er than those of Asian observers for all question. However, the contrary was 
true in the comparison evaluation. 
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4. Optimization of LED SPDs for lumi-
nous efficiency and cost
The studies presented in Section 3 indicate that the LED SPD which have 
high values of colour quality scale (CQS) colour preference scale (Qp) and CQS 
colour gamut area scale (Qg) are the most preferred by the observers. These
LED SPDs were realized with a 12-channel LED simulator. The LED simulator 
consists of a LED panel, a PC DMX/RDM USB Interface and a power supply 
unit. The LED panel of the LED simulator has 12 independent strings of differ-
ent types of LEDs, and each string has nine LEDs connected in series. This 
system will probably not be commercially exploitable due to its complexity. 
The problem of this light source is that different LEDs have different tempera-
ture behaviour characteristics. Hence, the light outputs of the different LEDs 
change unequally with varying ambient/junction temperature, resulting in a 
change of the chromaticity point of the light output. This could be compen-
sated by active measurement via optical sensors; however, it would result in 
further complexity and higher costs in a situation where there are large num-
bers of LEDs. Therefore, a commercially successful solution requires a signifi-
cant reduction in the types of LEDs used. A favourable solution would be to 
use either one blue LED with one or two phosphors or one LED with one 
phosphor and one additional LED.
The purpose of the work (Publication [III]) was to study the possibility of 
generating simplified LED SPDs having CQS Qp and CQS Qg values similar to 
those of the preferred complex LED SPDs found in the previous user-
acceptance studies (Publications [I, II]).
Optimizing the preferred LED spectra by simulation4.1
4.1.1 The simulation software
The simulation software employed is proprietary software from OSRAM OS, 
Regensburg, Germany. It is used to simulate the combination of different-
coloured LEDs and a phosphor via ray tracing. In the simulation software, an 
InGaN LED chip with different types of phosphors is used to generate the tar-
get SPD. Various-coloured LEDs may also be added if the target SPD cannot be 
generated by using only the InGaN chip and the phosphors. The input parame-
ters for the coloured LEDs in the software were the dominant wavelength, duty 
cycle, chip temperature, driving current, forward voltage, and luminous effi-
ciency of radiation (LER).
27 
 
4.1.2 Preferred SPD derived from lighting booth studies
One of the preferred LED SPDs at 4000 K found in the lighting booths ex-
periment (Publications [I, II]) is illustrated in Figure 2. Hereafter, this SPD is 
referred to as the “Aalto SPD”. The Aalto SPD has high values of CQS Qp and 
CQS Qg. The detailed colour characteristics of the Aalto SPD are presented in 
Table 1. 
Figure 2. The preferred LED SPD (Publications [I, II]), called the Aalto SPD 
4.1.3 Optimization for generating the Aalto SPD
The Osram simulation software was used to generate a number of simplified 
LED SPDs having CQS Qp and CQS Qg values similar to those of the Aalto 
SPD. Five of the most general trial SPD configurations are presented in Figure 
3. The colour characteristics of the five trial LED SPDs and the Aalto SPD are 
presented in Table 3.
Table 3. Colour characteristics of the Aalto SPD and different trial LED SPDs   
Aalto  
First  
trial 
Second 
trial 
Third 
trial  
Fourth 
trial  
Fifth 
trial  
SPD LED SPD LED SPD LED SPD LED SPD LED SPD 
CCT (K) 4153 3970 4000 3978 4048 4000 
Duv -0.0050 -0.0014 -0.0007 -0.0005 -0.0042 -0.0041 
CIE CRI (Ra) 80 77 94 85 74 96 
LER (lm/w) 308 275 280 325 327 319 
CQS, ( Qa v7.5) 90 89 94 89 84 92 
CQS Colour prefer-
ence scale, ( CQS 
Qp, v7.5) 
101 102 97 94 98 95 
CQS gamut area 
scale, (CQS Qg, 
v7.5) 
114 117 103 107 118 104 
Feeling of contracts 
index (FCI) 144 144 117 125 139 123 
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 Figure 3. Simulated LED SPDs using Osram-simulation software. (a) first trial, (b) second trial, 
(c) third trial, (d) fourth trial and (e) fifth trial
Table 3 shows that the first trial LED SPD and the fourth trial SPD are the 
closest SPDs to the Aalto SPD. The first trial LED SPD was generated with 8.62 
wt % (weight percent) of phosphor 1, 53.05 wt % of phosphor 2 and 0.14 wt % 
of phosphor 3 on an InGaN chip along with a red monochromatic LED of dom-
inant wavelength of 635 nm.
The CQS Qp, CQS Qg and Feeling of Contrast Index (FCI) values of the first 
trial LED SPD are similar to those of the Aalto SPD. However, the luminous 
efficacy of radiation (LER) of the first trial LED SPD is lower than that of the 
Aalto SPD.
The fourth trial was based on an InGaN chip with 48.81 wt % of phosphor 5 
and an amber LED with a dominant wavelength of 615 nm. The fourth trial 
LED SPD is shown in Figure 3 (d). The LER value was higher (327 lm/w) than 
that of the Aalto SPD (308 lm/w), and the CQS Qp, CQS Qg, and the FCI val-
ues were close to those of the Aalto SPD. However, the CIE CRI value was low-
er than that for the Aalto SPD. 
The simulation results suggested that it is possible to generate simplified 
LED SPDs which have CQS Qp and CQS Qg values similar to those of the pre-
ferred complex LED SPDs, without sacrificing LER. However, user acceptance 
studies are needed to find out the subjective preferences for the simplified 
LED SPD compared to the preferred complex LED SPDs.
User acceptance studies4.2
User acceptance studies (Publication [III]) were carried out to investigate the 
subjective preferences of the lit environment under the simplified LED SPD in 
comparison with the preferred complex LED SPDs found out in the lighting 
booth experiments. The simplified LED SPD (called as SPD1) was realized with 
three different types of LEDs, whereas the preferred complex LED SPD was 
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realised with nine different types of LEDs (Figure 4). It would have been better 
if the best approximation trial SPD had been used as a test SPD in the user-
acceptance studies. However, the best approximation trial SPD could not be 
used, as it was not economically viable to manufacture the same simulated 
LED just for testing the user preferences. Moreover, it was not possible to gen-
erate simplified SPD at 4000 K due to limitations of the LEDs in the available 
LED panel. However, a simplified LED SPD could be generated at 2700 K.
Hence, the user acceptance studies using side-by-side comparison were con-
ducted at 2700 K instead of 4000 K by comparing the simplified LED SPD 
(2700 K) with the preferred complex LED SPD, i.e. LED SPD2 (2700 K) (Pub-
lications [I, II]) as a reference SPD.
Figure 4. Individual LED SPDs used to realize (a) reference SPD, (b) SPD1 (test SPD) 
4.2.1 Experimental set-up
A lighting booth with two identical sections, each section with the height of
1m, width 0.5 m and depth 0.5 m, was constructed in a dark room. One sec-
tion of the booth was illuminated by a reference SPD and the other section by 
test SPD.
Forty observers aged 20-30 years (mean 24.15 years, standard deviation 2.64 
years) took part in the experiment. In the experiment, natural fruits (a green 
apple, a tomato, an orange, and a lemon), observer’s own hands and a Mac-
beth Colour Checker (MCC) chart were used as test objects.
Figure 5. LED SPDs used in the experiment: (a) reference SPD and (b) SPD1 (test SPD) 
The questions used in the experiments were related to the naturalness of the 
fruits and the observers’ hands, the colourfulness of the MCC chart colours 
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and fruits, brightness, and overall preference of the lit environment inside the 
booth under the test SPDs in comparison with under the reference SPD. The 
rating scale of the questions in the questionnaire was a seven-point (-3 to +3) 
scale.
The photometric and colorimetric characteristics of the SPDs used in the ex-
periment are shown in Table 4.
Table 4. Photometric and colorimetric characteristics of the SPDs used in the experiment 
Reference SPD SPD1 
CCT 2803 2794 
Duv -0.0050 -0.0048 
CIE CRI 82 86 
CQS v7.5 86 86 
CQS colour preference scale, (CQS Qp, v7.5) 100 98 
CQS gamut area scale, (CQS Qg, v7.5) 119 114 
FCI 152 142 
GAI 72 69 
LER (lm/w) 256 322 
Average horizontal illuminance (lux) 458 446 
4.2.2 Results
The results of the comparison evaluation between the SPD1 and the refer-
ence SPD are shown in Figure 6. The results indicate that the naturalness of 
lemon and observer’s hands as well as the brightness of the lit environment 
inside the booth are rated significantly higher (tested using one sample t-test) 
under the SPD1 than under the reference SPD. However, the observers’ mean 
ratings for the colourfulness of the MCC as well as the colourfulness of objects 
under the reference SPD were significantly higher than under the SPD1. The 
difference in the mean ratings between the SPD1 and the reference SPD for the 
naturalness of apple, tomato and orange were not statistically significant. 
Figure 6. The results of a comparison evaluation between the SPD1 and the reference SPD. 
The negative mean value indicates that the reference SPD was preferred over the SPD1, 
whereas positive mean indicates the SPD1 was preferred over reference SPD. Error bars rep-
resent ± one standard error of the mean. 
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The difference in the overall preference for the lit scene inside the booth il-
luminated by the SPD1 and the reference SPD was not statistically significant
when tested using a Pearson chi-square test (?????????. A Pearson chi-square 
test was performed, as the comparison evaluation data was collected and con-
verted into a frequency form by counting the number of observers who chose 
the reference SPD or SPD1. 
Summary4.3
The simulation results suggested that it is possible to generate simplified 
LED SPDs which have CQS Qp and CQS Qg values similar to those of the pre-
ferred complex LED SPDs (Publications [I, II]) without sacrificing luminous 
efficacy of radiation (LER). User acceptance studies also indicated that the 
simplified LED, being more efficient, cost effective, and simpler, could provide 
colour quality characteristics similar or better than the preferred complex LED 
SPDs.
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5. Subjective preferences for light 
sources in office rooms
Introduction5.1
Visual perceptions in lighting booths might be different from those in real 
environment, as in a lighting booth the observer mainly focuses on limited 
scenes. The observer’s preferences for particular light sources might change 
when the observer is shifted from the lighting booth to a real environment. 
LED light sources have greater flexibility in spectral design than conventional 
light sources, offering more dynamic and flexible ways to change the light 
source chromaticity and colour quality for a wide range of lighting applica-
tions. However, end-users’ needs, expectations and preferences for office light-
ing applications based on LEDs are not well known.
Hence, further user acceptance studies in two mock-up office rooms were 
conducted (Publications [IV, V]). One room was illuminated with LEDs and 
the other one with fluorescent lamps. For this study, six LED SPDs were opti-
mised at two CCT values (4000 K and 6500 K) by considering three metrics; 
Qg, Qp and the FCI as well as the CIE CRI. In addition, two light levels, namely 
500 lux and 300 lux, were considered for the study. There were forty observers 
took part in the experiment where they were totally immersed in the lit envi-
ronment, spent time in the room, performed office-related tasks and evaluated 
the lit environments. The observers rated the visual appearance (naturalness 
and colourfulness) of the view seen when sitting at the desk/meeting table, as 
well as the pleasantness, comfort, attractiveness and preference for the lit en-
vironment in the entire room. The objective was to verify the results of the 
small-scale experiments, to further study peoples’ preferences for LED office 
lighting and to determine the preferred optimum light source SPDs, CCTs and 
light levels for office environments.
Experimental set-up5.2
Two office rooms with a surface area of 14.5 m2 (length 4.20 m, width 3.45
and height 2.45 m) were identically equipped and furnished for the experi-
ments.
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Ceiling-recessed luminaires with the dimensions of 0.57 m × 0.57 m each 
were designed to illuminate each room. One room was illuminated with six 
LED luminaires and another one with six fluorescent lamp luminaires. Eight 
T5 fluorescent lamps were installed in each FL luminaire: four LUMILUX T5 
HO 24 W/840 (4000 K) lamps and four LUMILUX T5 HO 24 W/865 (6500 
K) lamps. The lamps of identical CCT were driven by one DALI dimmable 
Electronic Control Gear (ECG) (Osram QTi DALI 4x14/24 DIM), enabling each 
CCT to be controlled by two ECGs. The six fluorescent luminaires were con-
nected to a DALI bus, thus making it possible, with a PC, to dim and switch the 
luminaires to change the illuminance and CCT.
The LED luminaires were built with the help of a LED-based SPD simulator 
system. The LED panel of the LED simulator had 20 different LED types (with 
20 different peak wavelengths) and 24 LEDs per LED type (with the same peak 
wavelength). The LED panels in the LED luminaires and the lamps in the fluo-
rescent luminaire were concealed by Plexiglas GS WHO2 diffusers in order to 
get homogeneous illumination in the room. All six LED luminaires were con-
trolled by the PC DMX/RDM USB Interface software.
Figure 8. Spectral power distributions of fluorescent lamps (FL) and LED SPDs used in the full-
scale experiment (a) at 4000 K and (b) at 6500 K 
Figure 7. Full-scale experiment room from two directions
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In the room with the fluorescent luminaires, there were altogether four light-
ing scenes (two CCTs, two illuminance levels), whereas, in the room with LED 
lighting, there were altogether 12 lighting scenes (two CCTs, three SPDs, two 
illuminance levels) to be investigated. The two CCTs and illuminance levels 
were, respectively, 4000 K and 6500 K, and 300 lux and 500 lux. The LED 
SPDs used were selected based on the lighting booth investigations. The pho-
tometric and colorimetric characteristics of the six LED SPDs and the two FL 
SPDs are presented in Table 5 and Table 6. The average horizontal illuminance 
on the working plane (i.e. 0.7 m above the floor) in both rooms under the dif-
ferent lighting settings was maintained at 535±10 lux and at 325±5 lux for the
two light levels.
Table 5. Photometric and colorimetric characteristics of the light sources at 500 lux  
CCT  x y CCT[K] (measured) 
Chromaticity 
difference 
(Duv) 
Average illuminances 
at work place (i.e. at 
the height of 0.7m 
above the floor), lux 
Desk Meeting table 
Overall 
room 
4000 K 
LED SPD1 (high Qp 
and Qg. Duv=-ve) 0.3739 0.3638 4089 -0.0042 
509 552 543 
LED SPD2 (high Qp 
and Qg. Duv=+ve) 0.3789 0.3835 4089 0.0036 
502 543 536 
LED SPD3 (simplest 
spd, using Red (658 
nm), Mint (639 nm) 
and Blue (448 nm) 
LEDs) 
0.3771 0.3678 4026 -0.0033 498 544 535 
FL 0.3923 0.3914 3800 0.0047 512 554 549 
6500 K 
LED SPD4 (high Qp 
and Qg. Duv=-ve) 0.3129 0.3345 6326 -0.0029 
502 542 535 
LED SPD5 (medium 
FCI. low Qp. low Qg) 0.3167 0.3228 6325 -0.0021 
509 546 539 
LED SPD6 (medium 
FCI. high Qp. high 
Qg) 
0.3161 0.3186 6391 -0.004 500 544 532 
FL 0.3127 0.3340 6025 0.0047 515 553 548 
 
 Light 
source 
CCT[K] Duv Ra R9 CQS 
v7.5 
CQS 
v9.2 
Qp 
v7.5 
Qg 
v7.5 
GAI FCI 
LED SPD1 4089 -0.0042 79 56 84 83 98 117 100 145 
LED SPD2 4089 0.0036 80 58 86 87 97 113 90 141 
LED SPD3 4026 -0.0033 82 48 86 85 96 111 91 132 
FL 4000 K 3800 0.0047 81 7 80 81 80 96 71 105 
LED SPD4 6326 -0.0029 79 -3 87 87 99 115 117 135 
LED SPD5 6325 -0.0021 79 4 85 85 92 107 106 118 
LED SPD6 6391 -0.004 80 -1 91 91 101 114 116 124 
FL 6500 K 6025 0.0047 85 40 85 86 88 100 98 99 
Table 6. Colour characteristics of the light sources used in the study
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Altogether 40 observers with normal vision participated in the experiment. 
The subjects represented two age groups: 10 male and 10 female aged 20-30 
years, and 10 male and 10 female aged 50-60 years. There were 30 European 
(10 aged 20-30 years old) and 10 Asian observers. 
The questionnaire used in the experiment included five sets of questions to 
evaluate different aspects of office lighting, such as brightness, amount of 
light, glare, colourfulness and naturalness of the objects, pleasantness, com-
fort, and overall preference. 
The sets of questionnaire were used to evaluate:
1.  The visual performance task on the computer screen;
2.  The visual appearance on the desk;
3.  The reading task at the meeting table;
4.  The visual appearance on the meeting table; and 
5.  The general room lighting
Seven-point scales were used to record the ratings of the observers for each 
question. The right end of the seven-point scale was labelled with terms relat-
ed to the most positive response, and the left end with the most negative re-
sponse. The middle point indicated a neutral response.
In this work, the second and fourth sets of questions as well as part of the 
fifth set were considered for evaluating different lighting conditions (Publica-
tion [IV]). 
Results5.3
For the analysis, the observers’ rating were converted into numerical values 
on a seven-point scale between -3 and +3; +3 representing an extremely posi-
tive response, -3 representing an extremely negative response and “0” repre-
senting a neutral response (neither positive nor negative). The four compo-
nents or scales were derived from the 14 questions: five questions each from 
the visual appearance on the desk and the visual appearance on the meeting 
table, and four questions from the general room lighting. Principle compo-
nents analysis with Varimax rotation was used to identify a simple structure
(i.e. four scales). The 14 questions loading higher than 0.5 were interpreted for 
each of the four components identified as Preference, Naturalness of objects, 
Naturalness of the hand and Colourfulness (Table 7). The internal consistency 
reliabilities were good, with Cronbach’s alpha ranging from 0.95 to 0.88. The
same four scales were obtained when the data were separated as the same CCT 
or the same light level. The results obtained from the experiment were ana-
lysed using the Multivariate analysis of variance (MANOVA) or Analysis of 
variance (ANOVA), wherever they were applicable.
 
36 
 
Table 7. Rotated component loadings for 13 questions 
 Preference Naturalness 
of objects 
Colourfulness Naturalness 
of hand 
Visual appearance on the desk 
Under the lighting the overall desk 
area appears to be (Very unpleas-
ant/Very pleasant) 
0.738    
The colour of the objects on the desk 
looks (Very unnatural/Very natural)  0.682   
The colour of the objects on the desk 
looks (Colourless/Colourful)   0.848  
The colour of the wooden desk sur-
face looks (Very unnatural/Very 
natural) 
 0.835   
In this lighting, the colour of my hand 
looks (Very unnatural / Very natural)    0.810 
Visual appearance on the meeting table 
Under the lighting, the overall desk 
area appears to be (Very unpleas-
ant/Very pleasant) 
0.71    
The colour of the objects on the desk 
looks (Very unnatural/Very natural)  0.67   
The colour of the objects on the desk 
looks (Colourless/Colourful)   0.84  
The colour of the wooden desk sur-
face looks (Very unnatural/Very 
natural) 
 0.78   
In this lighting, the colour of my hand 
looks (Very unnatural / Very natural)    0.77 
General room lighting 
The overall room appearance under 
this lighting is (Very unpleasant/Very 
pleasant) 
0.81    
Overall, the lighting in the room is 
(Very uncomfortable/Very comforta-
ble) 
0.84    
The lighting makes the room look 
(Very unattractive /Very attractive) 0.84    
I would prefer the lighting of my 
working place to be like this (Not at 
all / Very much) 
0.82    
% Variance Explained 32.98 22.22 15.4 13.14 
Cronbach’s alpha 0.96 0.89 0.88 0.88 
Note: Only loadings above a 0.5 criterion are shown. 
5.3.1 Statistical analysis for different SPDs and light levels 
The results were examined using a 4 x 2 (SPD x light level) MANOVA for 
each CCT, with the four scales as dependent variables irrespective of age 
group, ethnicity and gender. There were no statistically significant interactions 
between the SPDs and light level at each CCT. Only the main effects of SPDs 
and light levels were found statistically significant. All the four scale scores 
were significantly higher at 500 lux than at 300 lux for both CCTs (Figure 10).
A post hoc test showed that the scores for different lighting environments un-
der LED SPDs at 4000 K (i.e. LED SPD1 to SPD3) were significantly higher 
than those under FL at 4000 K, regarding the preference and colourfulness 
scales. However, there were no statistically significant effects of different SPDs 
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at 4000 K on the naturalness of objects and naturalness of hand (Figure 11). 
Also, there were no statistically significant differences in the scores for the four 
scales under different SPDs at 6500 K (Figure 12). 
 
Figure 9. The mean scores for the four scales (preference, naturalness of objects, naturalness 
of hand and colourfulness) under different SPDs at different CCTs and light levels 
 
 
 
a) b) 
Figure 10. The mean scores for the four scales at 500 lux and at 300 lux for a) 4000 K and 
b) 6500 K 
38 
 
 Figure 11. The mean scores for the four scales (preference, naturalness of objects, natural-
ness of hand and colourfulness) under different SPDs at 4000 K 
 
 
Figure 12. The mean scores for the four scales (preference, naturalness of objects, natural-
ness of hand and colourfulness) under different SPDs at 6500 K 
Statistical analysis for different SPDs and CCTs5.4
Two-way MANOVA showed that there was no significant interaction between 
the CCT and SPDs. Therefore, MANOVA was performed for the main factors 
SPD and the CCTs for the four scales as defined earlier, irrespective of the 
SPD, age group, ethnicity and gender at light levels of 500 lux and 300 lux. 
Statistical analysis for illuminance of 500 lux 
The MANOVA showed that the mean scores under CCT of 4000 K were sta-
tistically significantly higher than those under CCT of 6500 K for preference, 
naturalness of objects, and naturalness of hand, whereas no statistically signif-
icant differences were found related to the colourfulness (Figure 13). 
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Statistical analysis for illuminance of 300 lux
No statistically significant differences were found in any scales between 
4000 K and 6500 K under any of the SPDs at 300 lux (Figure 13).
 
Figure 13. The mean scores for the four scales at 4000 K and at 6500 K for a) 500 lux and b) 
300 lux 
Summary5.5
The office room experiments verified the earlier findings regarding LED 
spectra and conducted in lighting booths (Publications [I, II]). The observers 
preferred the LED SPDs with higher Qp and Qg or GAI, i.e. LED SPD1, SPD2, 
SPD3 and SPD4. It was also found that the simpler SPDs (like LED SPD3) can 
have similar colour quality characteristics to those of the complex LED SPDs 
with many wavelength peaks (such as LED SPD1). A simple SPD can be gener-
ated by using red, mint white (blue LED chip and green-based phosphor) and 
blue LEDs. Moreover, for the office lighting the observers preferred CCT of 
4000 K over CCT of 6500 K at 500 lux. It was also found that the observers
preferred the light level of 500 lux over that of 300 lux for office work.
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6. Performance of colour fidelity indices
Introduction6.1
Colour fidelity is one of the important aspects of colour quality. Colour fideli-
ty (also known as colour rendering) of a light source is an effect of an illumi-
nant on the colour appearance of objects by conscious or subconscious com-
parison with their colour appearance under a reference illuminant[1]. The 
only internationally recognized metrics for measuring and specifying colour 
rendering properties of light sources is the CIE colour rendering index (CRI).
The studies presented in Chapters 3 -5 showed that the CIE CRI does not de-
scribe the naturalness of objects, colourfulness of objects or subjective prefer-
ences. This could be expected, as the CIE CRI is a fidelity metric and does thus
not necessarily describe other aspects of colour quality. It should define colour 
fidelity precisely, though. However, CIE CRI provides a poor estimation of the 
colour-rendering properties of LEDs [5]. CIE CRI has many deficiencies (see 
Chapter 2). Currently, CIE TC 1-90: colour fidelity index is working to find out 
the new colour fidelity index. Many new metrics like CQS[20], CRI2012[18]
and CRI-CAM02UCS [19] have been proposed. However, no metric has been 
recommended due to a lack of precise and comprehensive data. Hence, in or-
der to study the performance of different fidelity metrics, the CIE Colour ren-
dering index (CRI), the Colour quality scale (CQS) and the CRI2012, further 
user acceptance studies in lighting booth were conducted (Publication [VI]).
Experimental setup6.2
Two viewing booth/cabinets were constructed for the experiment. One cabi-
net was illuminated by different test LED SPDs and the other cabinet by refer-
ence light sources. Experiments were conducted at CCTs of 2800 K, 4000 K 
and 6500 K. Twenty observers who participated in the experiment had normal 
visual acuity and colour vision. The average age of the observers was 27 years 
(standard deviation 4.2 years). The task of the observer was to scale the visual 
colour difference of chromatic samples of the MCCs and the observer’s own 
hand under reference and test light sources. The observers scaled the visual 
colour difference with the help of a grey scale (1-5) placed in the reference cab-
inet.
The LED SPDs were generated with the help of a 12-channel LED-based SPD 
simulator system, as was done in the previous studies (Publications [I, II]). 
The LED SPDs were simulated for high, medium and low values of the CIE 
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CRI. LED SPD1 at 2800 K, 4000 K and 6500 K has high CIE CRI values 
(Ra>90). LED SPD2 at all CCTs has CIE CRI values of around 80, and LED 
SPD3 at all three CCTs has low CIE CRI (<60). Halogen lamp (Halolux ceram 
64476), Philips Master TL-D 90 De Luxe 18W/940 fluorescent lamp, and 
Osram 18W/965 Lumilux DE Luxe Daylight fluorescent lamp were used as 
reference light sources at CCT of 2800 K, 4000 K, and 6500 K, respectively. 
The colour characteristics of the light sources along with luminance values 
calculated using the CIE 10° colour matching function are presented in Table 
8.
Table 8. Colour characteristics of light sources and luminance used in the study 
Results6.3
The results obtained from each observer in terms of grade 1-5 were trans-
????????????????????????????????????the CIELab colour difference formula. The 
average visual difference for each sample under different light sources at dif-
ferent CCTs is shown in Figure 14.
The performance of observers’ results were examined with the help of ob-
servers’ repeatability and accuracy, as was done by Li et al [31] (for detail see 
Publication [VI]). The coefficient of variation (CV) values for the observer re-
peatability and accuracy are similar among different light sources. 
6.3.1 Testing the performance of colour rendering indices
The performances of different indices were tested using the visual colour dif-
????????????????????????????????????????????????????????????????????????????y-axis 
against the predictions from different indices on x-axis are shown in Figure 15.
The visual difference results ranged from 1.9 to 3.7 from the best LED SPD1 to 
the worst LED SPD3. The LED SPDs (LED SPD1 and LED SPD2) which have 
high (>80) CIE CRI, CQS and CRI2012 values have low visual colour differ-
ences. The LED SPD3 at all three CCTs have higher visual colour differences. 
42 
 
Figure 15. Average visual difference of each colour sample at (a) 2800 K, (b) 4000 K, and (c) 
6500 K 
LED SPD1 2800 K
LED SPD2 2800 K
LED SPD3 2800 K
LED SPD1 4000 K
LED SPD2 4000 K
LED SPD3 4000 K
LED SPD1 6500 K
LED SPD2 6500 K
LED SPD3 6500 K
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Figure 14. Performance of five indices
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???????????????????????????????????????????????was examined by calculating 
the Pearson correlation coefficient. The results show that CIE CRI, CRI2012, 
CQS and CQS Qf are highly correlated with each other and with the visual dif-
ference. The results showed that CIE CRI, CQS, Qf and CRI2012 gave similar 
performance in terms of colour fidelity.
The CRI2012 and CQS values of LED SPD3 at all CCTs ??????????????????,
vary from 67 to 77, and visual difference varies from 3 to 3.63. LED SPD3 at 
4000 K has CQS, CRI2012, and visual difference values of 70, 77 and 3.4, re-
spectively. On the other hand, for LED SPD3s at 2800 K and 6500 K, the per-
formance of CRI2012 and CQS was similar, and visual differences were 3.08 
and 3.63, respectively, LED SPD3s had low CIE CRI, as CIE CRI penalizes the 
change in chroma [19]. As CQS does not penalize the increase of chroma, CQS 
values of LED SPD3s were higher than the CIE CRI values. Also, a larger dif-
ference in the prediction by CQS and CRI2012 was seen for LED SPD3 at 4000 
K, the difference being seven points. The CQS only penalizes the light sources 
?????? ????????? ????????????????????????The CRI2012 does not have such 
criterion. This may be the reason why LED SPD3 at 4000 K has a high 
CRI2012 value and a low CQS value.  
Summary6.4
The experimental results showed that CIE CRI, CRI2012 and CQS provide 
similar predictions for LED light sources that do not highly increase chroma.
The prediction of colour fidelity by the CIE CRI was the worst for a LED light 
source that enhances object chroma, and the prediction of colour fidelity pro-
vided by the CQS metric was better. From this study, it can be seen that the 
colour fidelity predictions of CQS and CRI2012 were satisfactory, except for 
the LED SPD3 at 4000 K. 
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7. Discussion
Lighting booth experiments7.1
The results from the lighting booth experiments, based both on individual 
and comparison evaluations, showed that the observers preferred LED SPD2, 
LED SPD5 at all three CCTs (i.e. 2700 K, 4000 K and 6500 K) for most of the 
questions related to the naturalness of objects, the colourfulness of MCC chart
and the overall preference. The LED SPD2 and LED SPD5 have higher CQS 
Qp, CQS Qg and GAI values compared to the other SPDs, and the Duv values 
were either negative or laid very close to the black body locus. The CQS Qp 
metric is based on the notion that increases in chroma are generally preferred 
by the observers and should be rewarded. Therefore, LED SPD2 and LED 
SPD5 should produce the highest perceived chroma of object colours. The CQS 
Qg and GAI metrics are based upon the gamut area of the reference and test 
light sources. Generally, the object colours appear more colourful when the 
gamut area is large[20], [48], [49]. The colourfulness values (calculated using 
CAM02UCS) of almost all the objects under the LED SPD2 and LED SPD5 
were higher than under the other SPDs.
The LED SPD4 and LED SPD6, which have lower CQS Qp, CQS Qg, FCI and 
GAI values than the other SPDs, were the least preferred light spectra. Under 
these two SPDs, the chroma and colourfulness values of objects and MCC chart 
colours were lower than those under all the other SPDs. This showed that 
when the chroma and colourfulness values of the object colours under a cer-
tain illumination increase (up to certain level), the objects appear to be more 
natural to observers and that lit environment would be preferred by the ob-
servers. However, the upper limits for the chroma and colourfulness values 
that the observers would prefer were not studied. 
The LED SPD1, realized for high CIE CRI (around 97), were not preferred by 
the observers for the naturalness of objects and colourfulness of MCC chart in 
most cases. The LED SPD1 at all CCTs has high CIE CRI and nCRI values. 
However, these SPDs were not preferred by the observers. This supports the 
finding of Nascimento and Masuda [25] who found that the large CIE CRI does
not correspond to the most natural colours. The CIE CRI and nCRI are fidelity 
metrics, and as expected, do not reflect the naturalness of objects, colourful-
ness of MCC chart and overall preference of the lit environment well. 
The LED SPD3 at all CCTs has higher CQS Qp and CQS Qg values than the 
FL; however, in both evaluations (individual and comparison evaluation) the 
observers preferred the FL over the LED SPD3. The chroma and the colourful-
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ness values of most of the object colours under the LED SPD3 were also higher 
than under the FL. However, the Duv values of the FL lay closer to the black
body locus than that of the LED SPD3. The LED SPD3 at 6500 K has Duv val-
ues greater than 0.0054. The Duv values could be the possible reason why the 
LED SPD3 was not preferred over the FL despite its higher chroma and colour-
fulness values. This implies that the CQS Qp, CQS Qg or GAI, and Duv are 
equally important in defining the naturalness of objects and the overall prefer-
ence of light sources. These results strongly support the work of Rea and 
Freyssinier [49] and Guo and Houser [50].
The statistical analysis for the CCT preference data based on the individual 
evaluations showed that the observers preferred the higher CCTs (4000 
K/6500 K) over the lower CCT (2700 K) at the illuminance level of 500 lux. 
The observers did not prefer the CCT 2700 K for the naturalness of objects and 
colourfulness of MCC chart. In addition, the observers’ mean ratings for visual 
pleasantness and the visual comfort of the lit scenes at 2700 K were the lowest 
than at other CCTs. 
Simplified LED SPD7.2
The preferred LED SPDs found in the lighting booth experiments were gen-
erated with 9 to 11 different types of LEDs. These LED SPDs will probably not 
be commercially exploitable due to their complexity. The different LEDs have 
different temperature behaviour, and the light outputs of the different LEDs 
change unequally with varying junction/ambient temperature. Hence, simula-
tion of simplified LED spectra was carried out along with the user acceptance 
studies.
The simulation results presented in Chapter 4 showed that the first trial LED 
SPD and the fourth trial LED SPD were closely matched with the Aalto SPD,
the preferred LED SPD derived from the study presented in Chapter 3 (LED 
SPD5). The first trial LED SPD uses three types of phosphors and a red mono-
chromatic LED, thus it might be difficult to manufacture and is likely to be 
expensive. Also, its LER value was low. On the other hand, the fourth trial SPD 
uses only one type of phosphor and an amber LED. This LED SPD had a com-
paratively high LER value (327 lm/w). However, the CIE CRI value of the 
fourth trial LED SPD (Ra=74) was lower than that of the Aalto SPD (Ra=80). 
The CIE technical committee 1-62 has concluded that ‘the CIE CRI is generally 
not applicable to predict the colour rendering rank order of a set of light 
sources when white LED light sources are involved in this set.’ Therefore, if
the CIE CRI is not considered, the fourth trial SPD was the closest matched to 
the Aalto SPD in terms of CQS Qp and CQS Qg. 
The results of the user acceptance studies showed that the naturalness of 
lemon and the observers’ hand, as well as the brightness of light environment 
inside the booth were higher under the SPD1 than under the reference SPD. 
However, the colourfulness of objects and MCC chart were better under the 
reference SPD than under the SPD1. This might be due to the fact that the ref-
erence SPD covers a larger gamut area than the SPD1 does. The SPD1 was a
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simplified LED SPD realized with three different types of LEDs, whereas the 
reference SPD was the preferred complex LED SPD realised with nine different 
types of LEDs. In addition, the SPD1 had higher LER value than the reference 
SPD (256 lm/w) (Table 3). This suggests that the simplified LED SPD, being 
more cost effective and more efficient, could provide similar or better colour 
quality characteristics than the preferred complex SPD. 
Office room experiments7.3
The three different LED SPDs and FL at two CCT, i.e. 4000 K and 6500 K,
were tested in a real office room. The office room experiments indicated that 
the observers preferred the light environments under the LED SPDs over the 
FL at 4000 K for the four scales: preference, naturalness of objects, natural-
ness of hand and colourfulness. The LED SPDs at 4000 K have high CQS Qp, 
CQS Qg, GAI and FCI values compared to the FL at 4000 K (Figure 16). Both 
the LED SPD1 and the LED SPD2, have high CQS Qp and CQS Qg values. The 
Duv value of the LED SPD1 was negative, whereas the Duv value of the LED 
SPD2 was positive. Yet the observers preferred both the LED SPDs over the 
FL. However, the observers’ mean ratings for the LED SPD1 were higher than 
those for the LED SPD2. This shows that if the light sources have the same 
CQS Qp and Qg values, then observers prefer the light source with a negative
Duv value (i.e. 0 to - 0.0054).
Figure 16. Comparison of different metrics; Ra, R9, CQS, CQS Qp, CQS Qg, GAi and FCI for 
different light sources at 400 K used in the experiment 
The LED SPD1 was realised with the help of 11 different types of LEDs, 
whereas the LED SPD3 was realised using three different types of LEDs: Red, 
Mint white (Blue LED Chip and green-based phosphor) and Blue LEDs. The 
peak wavelengths of the Red, Mint white and blue LEDs were 658 nm, 639 nm 
and 448 nm, respectively. The CIE CRI, CQS Qp and CQS Qg values of the 
LED SPD3 were close to those of the LED SPD1 and the LED SPD2. The ob-
servers preferred the LED SPD3 to FL for the preference and colourfulness 
scales. The mean scores for four scales (naturalness of objects, naturalness of 
hand, colourfulness and preference) for the LED SPD1 (around 1.03 to 1.48) 
and LED SPD3 (around 0.97 to 1.36) were close to one another in most cases.  
This suggests that the simplest LED SPD with three peaks may have colour 
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quality characteristics similar to the complex LED SPD (with many peaks, as 
in the LED SPD1). The observers will still prefer the simplest LED SPD over 
FL, given that the CQS Qp, CQS Qg or GAI values for that LED SPD are high. 
The findings support the work of Viénot et al [51]. They concluded that LED 
clusters which include white LEDs and a few correcting coloured LEDs can 
render colours faithfully. 
At 6500 K, no significant differences in the four scales were found between 
the light source spectra. However, the observers’ mean ratings for the lighting 
environment under the LED SPD4 and the LED SPD6 were higher than under 
the other SPDs. This was found for preference, naturalness of objects and col-
ourfulness scales (Figure 12). These two SPDs have high CQS Qp and CQS Qg 
values, and both of these SPDs cover a larger gamut area compared to the FL 
and the LED SPD5.
The statistical analysis showed that the observers preferred the CCT of 4000 
K over 6500 K at 500 lux in terms of preference, naturalness of objects and 
naturalness of hand. Moreover, the same CCT was preferred at 500 lux in 
terms of comfort, pleasantness of light colour and acceptance of the lit envi-
ronment in the entire room (Publication [V]). This supports the findings of 
Shamsul et al [37], Kang et al [38] and Cockram et al [41]. However, Boyce 
and Cuttle [44] found that ‘the CCT of good colour rendering lamps in the 
range of 2700 K to 6300 K has little effect on people’s impressions of the 
lighting of the room.’ Also, Lin et al [29] found that CCTs of 4000 K and 7000 
K at 600 lux were preferred for office lighting. The preferences of CCTs depend 
upon personal experiences and the traditional culture, are totally subjective 
matters. However, this study showed that neutral white light (4000 K) is pref-
erable to cool white light (6500 K) for office lighting with LEDs. 
The study also showed that the observers preferred the illuminance of 500 
lux over 300 lux at 4000 K and 6500 K. The observers rated all the questions 
under different SPDs at 500 lux comparatively higher than at 300 lux. Fur-
thermore, the scores at 300 lux for preference, naturalness of hand, natural-
ness of objects and colourfulness scales under different SPDs were close to 
each other (Figure 13). It seems that, at lower illuminance, the observers felt 
more difficult to evaluate the differences in the light environment. This finding 
does not fall in line with the Kruithof’s curve [43]. The observers did not feel 
comfortable and did not prefer the light level of 300 lux at both CCTs. They felt
that at illuminance of 500 lux the objects appeared more natural and more 
colourful than at 300 lux. Also, the observers preferred the illuminance of 500 
lux to 300 lux at both CCTs for the questions related to spatial brightness and 
overall spaciousness (Publication [V]). This supports the findings of Boyce and 
Cuttle [44] who found that as ‘the light level increases, the lighting of the 
room becomes more natural, more colourful, more pleasant, more comforta-
ble, clearer, bright, more friendly more warm and more uniform.’
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Colour fidelity7.4
The colour fidelity experiments showed that the LED SPDs having high CIE 
CRI (>90), also possess higher CRI2012, CQS and CQS Qf values. Also, the test 
samples had lower visual differences under these SPDs. However, the LED 
SPD3 at all CCTs has ??????????????????????????????????????????????????????
vary from 67 to 77 and visual difference under the LED SPD3 varies from 3.3 
to 3.7. The LED SPD3 at 4000 K has CQS, CRI2012, and visual difference val-
ues of 70, 77 and 3.4, respectively. On the other hand, for the LED SPDs 3 at 
2800 K and 6500 K, the performance of CRI2012 and CQS were similar, and 
visual differences were, 3.6 and 3.7, respectively. Most of the test samples un-
der the LED SPD3 have a larger chroma than under the reference light sources 
(see Publication [VI], Figure 7). Since, CIE CRI penalizes changes in chroma
[20], the LED SPD3 had low CIE CRI values. In contrast, the CQS does not 
penalize the increases of chroma, hence CQS values of LED SPD3s were higher 
than the CIE CRI values. Also, a larger difference in the prediction by CQS and 
CRI2012 was seen for the LED SPD3 at 4000 K, the difference being seven 
points. The CQS only penalizes light sources which increase chroma beyond 
??????????The CRI2012 does not have such criterion. This may be the reason
why LED SPD3 at 4000 K has a high CRI2012 value and a low CQS value.  In 
addition, the performances of CIE CRI, CRI2012, CQS and CQS Qf in terms of 
correlation coefficient (with visual difference) were very similar.
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8. Conclusions
The lighting booth experiments indicated that the observers preferred the 
LED SPDs (LED SPD2 and LED SPD3) that have high CQS Qp and CQS Qg or 
GAI values at all three CCTs (Publications [I, II]). The observers felt that the 
objects looked more natural and more colourful under the LED SPD2 and un-
der the LED SPD3. The observers also found that the light environments under 
these SPDs were visually brighter, more comfortable and more pleasant. Along 
with metrics like CQS Qp and CQS Qg or GAI, the study showed that the Duv 
values of light sources also affect the subjective preferences. The observers 
preferred light sources whose Duv values were in between 0 and -0.0054, 
along with high CQS Qp and CQS Qg. The study also showed that at illumi-
nance level of 500 lux the observers preferred light sources with CCTs of 4000 
K and 6500K over 2700 K.
The work was continued by simulation carried out to find out the simplified 
LED SPDs that the observer will prefer, as the preferred LED SPDs found in
the lighting booth experiments were of a complex nature and obviously expen-
sive to realize. The simulation results suggested that it is possible to generate
simplified LED SPDs which have CQS Qp and CQS Qg values similar to those 
of the preferred complex SPDs. The user acceptance studies also indicated, 
that the simplified LED SPDs can provide similar or better colour quality char-
acteristics than the complex LED SPDs.  The simplified LED SPDs used in the 
user acceptance studies were generated using three different types of LEDs; 
Red, cool white and Blue LEDs. Similar results were found when the simplified 
LED SPDs with CCT of 4000 K were tested in an office room. The observers 
preferred the simplified LED SPD over the FL.   
The office room experiments verified the findings of the light booth experi-
ments. The observers preferred the most the LED SPDs with high CQS Qp and 
CQS Qg or GAI values, and preferred the least the LED SPDs that had the low-
est CQS Qp and CQS Qg values. Also, the light sources (which have high CQS 
Qp and CQS Qg) with negative Duv values were preferred over light sources
with positive Duv values. It was found that the values should be within the 
limits of ±0.0054. Moreover, for office lighting, the observers preferred the 
CCT of 4000 K over the CCT of 6500 K at 500 lux. It was also found that the 
observers’ ratings of preference were influenced by the illuminance level. The 
observers preferred the illuminance level of 500 lux to that of 300 lux for of-
fice work.
The results of performance testing of different fidelity metrics conducted in 
the lighting booths showed that the CIE CRI, CRI2012 and CQS provide simi-
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lar predictions for LED light sources which do not highly increase the object 
chroma. The predictions of colour fidelity for LED light sources that enhances 
object chroma were the best by the CQS and the worst by CIE CRI. This study
indicates that the colour fidelity predictions of the CRI2012 and the CQS were 
satisfactory (except for the LED SPD3 at 4000 K).
In general, this study indicates that the subjective preferences (in terms of 
naturalness, colourfulness, comfort, pleasantness, brightness and the overall 
preference) can be  explained better when a reference-based metric (such as 
CQS Qp) and an area-based metric (such as Qg or GAI) are both considered,
and when the light source chromaticity difference (Duv) value is maintained 
within the limits of ±0.0054. Also, the findings indicate that people prefer 
LED light sources at 4000 K at illuminance level of 500 lux for office work. 
Moreover, the predictions of colour fidelity provided by the CQS for LED light 
sources that enhance object chroma were the best. However, further studies 
are needed considering other metrics such as the rank-order colour rendering 
index (RCRI) [52], the categorical colour rendering index (CCRI) [53] and the 
Harmony rendering index (HRI) [54], as these metrics consider other aspects 
of colour quality. Moreover, more experimental data using LED light sources 
that highly increase object chroma and with materials that correspond to eve-
ryday materials for which people care about colour fidelity are required before 
choosing any final colour fidelity metric(s). 
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Light emitting diode (LED) based lighting 
technology is developing rapidly. LED 
lighting has huge potential to save energy 
and provides enormous opportunities to 
adjust the lighting according to actual needs. 
However, end-users' requirements, 
expectations and preferences for lighting 
applications based on LEDs are not well 
known. Therefore, visual evaluations are 
required to ﬁnd out the subjective 
preferences for different LED SPDs. In 
addition, metric(s) that better deﬁnes the 
subjective preferences and colour rendering 
properties of light sources are need. This 
thesis investigates the subjective 
preferences for lighting environments under 
different LED SPDs in several viewing 
conditions and correlates the preferences 
and corresponding SPDs with existing 
metrics of colour quality. 
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